High water to hydrate conversion can be achieved in silica gel particles. Sodium dodecyl sulfate (SDS) enhances CO 2 hydrate formation in silica gel particles. In the presence of SDS, CO 2 hydrate first forms in the bulk water phase.
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Carbon dioxide Hydrate Crystallization Kinetics Porous media Surfactant This paper reports on investigations into the way carbon dioxide (CO 2 ) hydrate forms in porous silica gel partially saturated with pure water or with a surfactant solution. The experiments, conducted at two different temperatures (278.2 and 279.2 K) and under a loading pressure of 3.8 MPa, used silica particles of different nominal pore diameters (30 and 100 nm), saturated at 80% pore volume with pure water or with a 100 ppm solution of either sodium dodecyl sulfate (SDS) or polyoxyethylenesorbitan monoleate (Tween 80). They were run following the "hydrate precursor method" developed in previous works (Duchateau et al., 2009 (Duchateau et al., , 2010 to form bulk hydrate under controlled subcooling conditions, and adapted for studying hydrate formation behavior in porous media.
The work demonstrated that the successive hydrate formation and decomposition cycles involved in this method do not alter the pore size distribution in the porous media. At the two temperatures investigated, silica gel particles with a nominal pore diameter of 100 nm proved better suited to comparing the CO 2 hydrate formation behaviors: higher water to hydrate conversions ( 490 mol%) were effectively obtained for all the conditions tested making comparison of the results much easier. Of the two surfactants used, only SDS was found to produce a positive effect on both the hydrate formation kinetics and the amount of hydrate formed. Our visual observations of quiescent bulk systems (without porous silica gel) suggest that when SDS is present, CO 2 hydrate forms not only at the w/g interface (where it occurs without SDS too), but also in the bulk water phase. This may explain the beneficial effect observed on the porous medium.
Introduction
Gas hydrates are clathrate solids composed of cavities formed of hydrogen bonded water molecules, which can accommodate differ ent sized gas molecules (Sloan and Koh, 2008) . They may form when water and gas molecules are present under thermodynamically suitable conditions, i.e. at low enough temperatures and high enough pressures. Several gas hydrate properties have attracted the attention of the scientific and industrial communities for their potential in such practical applications as refrigeration and air conditioning (Delahaye et al., 2011; Darbouret et al., 2005) , energy storage or transportation (Gudmundsson et al., 1999; Belosludov et al., 2007) , or capture of greenhouse gases (Adeyemo et al., 2010; Seo et al., 2005; Ricaurte et al., 2011) . Those properties include a high latent heat of melting, and the capacity not only to encapsulate large amounts of gas (if all the cavities are filled, each volume of CO 2 hydrate may contain 175 volumes of CO 2 at standard temperature and pressure (Sloan and Koh, 2008) ) but also to selectively capture certain components in gas mixtures.
Depending on the target application of gas hydrates, different key issues, such as the selectivity of the enclathration process, the amount of gas hydrate formed and the transportability of gas hydrates, need to be addressed. One of the technological bottlenecks (to make any hydrate based process economically viable) centers on the kinetics of hydrate formation: the formation rate of gas hydrates is generally slow as the reaction usually takes place, or at least starts, at the water/gas (w/g) interfaces (Englezos et al., 1987; Ohmura et al., 2000) . The barrier formed as the hydrate crystals grow and agglom erate at these interfaces impedes transfer from the gas phase to the hydrate forming phase. Crystallization is drastically decreased (and sometimes completely halted) once the w/g interface becomes totally crusted in hydrate, preventing any substantial level of water to hydrate conversion from being reached.
One strategy for improving the kinetics of hydrate formation is therefore to increase the area of the w/g interface available for the hydrate reaction. This can be done in different ways, such as vigorously mixing the water and gas phases, spraying water in the gas phase, bubbling the gas phase in water, or using a porous medium saturated with water. Another strategy is to use chemical additives, such as thermodynamic hydrate promoters (e.g. tetra hydrofuran (THF), or alkyl ammonium salts) (Kang et al., 2001; Torré et al., 2011; Mohammadi et al., 2012; Sun et al., 2011) , or kinetic hydrate promoters, generally surfactants (e.g. sodium dodecyl sulfate, SDS) (Zhong and Rogers, 2000; Gayet et al., 2005) , or a mixture of the two (Zhu et al., 2011; Torré et al., 2012) .
The use of a porous medium, such as silica gel particles fully or partially saturated with water, may be an interesting approach. The gas phase can circulate through the interparticular porosity (macroporosity), making for a large available exchange surface between pore water and gas that enhances the hydrate formation kinetics and the water to hydrate conversion rate (Kang and Lee, 2010; Kumar et al., 2013) . Further benefits of using a porous medium include: no hydrate slurry to handle (and therefore no risk of hydrate particles agglomerating and plugging the flow lines), no additional power consumption required to generate the w/g interface, and improved process safety conditions (gas leakage problems are reduced by the absence of the agitator gland packing needed to seal the shaft of mechanical agitation systems).
Recent research works on hydrate crystallization in porous media address the effect of water confinement on hydrate phase equilibrium, on the kinetics of hydrate formation and on the water to hydrate conversion ratio under different experimental conditions (pore and particle size, pressure, temperature, etc). However, few studies have been published on the effect on the above parameters of adding hydrate promoters and more speci fically kinetic hydrate promoters to the pore water. To the best of our knowledge, only Kang and Lee (2010) , and very recently Kumar et al. (2013) , have studied the effect of kinetic promoters (surfactants) on the kinetics of CO 2 hydrate formation in porous media. On the one hand, Kang and Lee (2010) evaluated the promotional effect of SDS on the formation behavior of this hydrate in spherical silica gel with a nominal pore diameter of 100 nm for different pressure and temperature conditions and different concentrations of SDS. They found that in the presence of SDS, both the initial formation rate and the final gas consumption parameters generally increase with the driving force imposed to form the hydrate, and that the time lapse (i.e. the induction time) usually observed for hydrate formation is considerably reduced. They also observed that an SDS concentration of 100 ppm pro duces the highest values for the above two parameters whereas the beneficial effect decreases at higher concentration. On the other hand, Kumar et al. (2013) used three different kinds of surfactants SDS for the anionic surfactant, DATCl for the cationic surfactant and Tween 80 for the nonionic surfactant and porous media of very similar pore diameter ( $ 60 Å) but different surface area. They found SDS to be the most effective in enhancing the rate of hydrate formation and reducing the induction time, and DATCl to exhibit a certain inhibition effect on hydrate formation. The optimum concentration for SDS and Tween 80 was estimated to be 4000 and 2000 ppm, respectively. Interestingly, SDS and Tween 80 appeared to have little effect on the total amount of hydrate formed, as compared to the same system with no surfactant.
Owing to the widely dispersed experimental results typical of crystallization phenomena, additional experimental data are needed to determine whether there is a synergetic effect between the presence of a kinetic promoter and the high exchange surface available between pore water and gas in the porous medium. As a contribution to meeting that need, we studied the formation kinetics and the amount of CO 2 hydrate formed in porous media of nominal pore diameter 30 nm and 100 nm, with and without SDS and Tween 80. The experiments presented here were conducted under isochoric conditions, at the two different temperatures imposed for hydrate formation. The Experimental section (Section 2) of this article, below, presents a specific protocol developed to control the temperature at which hydrate formation starts. Based on the "water memory" effect, the protocol takes advantage of the residual structures remaining in solution after a prior hydrate formation/decomposition cycle to reduce the stochastic character of hydrate crystallization in subse quent formations (Duchateau et al., 2010; Adeyemo et al., 2010) . It also ensures that hydrate formation begins within a reasonable time after the target temperature is reached. Each experiment reported in this study has generally been triplicated in order to assess the reproducibility of the results obtained.
Experimental section

Materials
CO 2 gas (purity of 99.995 mol%) was supplied by Linde gas. The chemicals used as kinetic hydrate promoters were: sodium dodecyl sulfate (SDS) from Chem Lab (purity498%) and polyoxyethylenesor bitan monoleate (Tween 80) from Sigma Aldrich (purity499.9%). The aqueous solutions were prepared using ultra pure water (resis tivity of 18.2 MΩ cm). Both surfactants were used at a concentration of 100 ppm (by weight).
The porous media were spherical silica gel particles purchased from Silicycle (Canada). Table 1 summarizes their main properties.
Apparatus
A schematic illustration of the experimental setup used in this study is shown in Fig. 1 . It consists of three 316 stainless steel high pressure cells with an internal volume of 128.0 70.5 cm 3 immersed in a fully insulated temperature controlled bath agi tated with two impellers to provide homogeneous temperature control during the experiments. Bath temperature is regulated by an electric heater (from MGW Lauda) driven by a Shimaden SR53 programmable temperature controller and a cryostat (F32 HE model from Julabo). Each cell is connected to a CO 2 supply vessel that loads the gas into the cell at the required pressure.
The temperature in the cells and bath is measured using PT100 probes with an accuracy of 70.2 K, while pressure in the cells is measured with 10 MPa full scale transducers with a precision of 0.3% FS. Pressure and temperature are recorded every minute by a computer running a specific SpecView © application.
Procedure for hydrate formation experiments
For each experiment, the cells were loaded with a given mass of silica gel particles (dried at 393 K for 24 h beforehand), after which a quantity of aqueous solution (with or without SDS or Tween 80 present) calculated to saturate 80% of the available pore volume was poured onto the powder. The cells were then closed, immersed into the temperature controlled bath and connected to the CO 2 supply vessels. They were purged twice with CO 2 to remove the remaining air in the system and pressurized with about 3.8 MPa of CO 2 at 283.2 K (these pressure and temperature conditions are outside the CO 2 hydrate stability zone). The systems were then left overnight at this temperature to let the CO 2 solubilize in the pore water.
All experiments were conducted under isochoric conditions; the total quantity of matter present in the cell was therefore constant throughout the experiment.
The procedure we used here to form hydrates in porous media at a target temperature T targ is schematically depicted in Fig. 2 . It is very similar to the so called "hydrate precursor method" developed previously in our laboratory for testing kinetic hydrate inhibitors in the absence of a porous medium (in the bulk as this situation is referred to below) (Duchateau et al., 2009 (Duchateau et al., , 2010 . It consists in forming hydrate with a water phase that has previously experienced hydrate formation and decomposition. As demonstrated in our previous works, the melted hydrates leave a number of residual structures in the water that not only promote subsequent hydrate formation i.e. the hydrate re formation temperature T re-form is higher and the hold time t hold is shorter but also drastically increase the repeatability of these two parameters. The hold time is defined as the difference between the onset of hydrate (re )formation and the time at which the system enters the hydrate stability zone.
In the present study, the first hydrate crystallization (first stage in Fig. 2 ) was achieved by rapidly cooling the equilibrated system from T init ¼ 283.2 K to T 1 ¼269.2 K. The temperature was then raised to T 2 ¼275.2 K (still inside the CO 2 hydrate stability zone but above the ice melting temperature) and maintained at this value for at least 4 h in order to melt and convert to hydrate any ice that might have crystallized at T 1 . On completion of this stage, we expected to find almost the same amount of CO 2 hydrate formed in each cell. After the pressure stabilized, the system was heated at a rate of 0.9 K/h to a temperature T d just above T eq ¼281.9 K (the CO 2 hydrate equilibrium temperature at 3.8 MPa) where it was left for t d ¼ 4 h to melt the CO 2 hydrate (second stage in Fig. 2) . It was then cooled to 274.2 K at a rate of 4 K/h (left side of the third stage in Fig. 2 ). Hydrate re formation usually occurred during the cooling ramp, at T re-form indicated by a sudden increase in the temperature profile due to the exothermic character of hydrate crystallization.
By varying T d (from 282.3 to 284.1 K) in the second stage of the procedure and determining the corresponding T re-form for a set of experiments, we were able to plot a T re-form vs. T d chart. Fig. 3  (a) shows the chart obtained for the SG30 porous medium partially (80%) saturated with a 100 ppm Tween 80 solution. Fig. 3(b) shows, for the same system, the variation of T re-form as a function of t d , at T d ¼ 283.2 K. Each point in Fig. 3(a) and (b) averages at least three experimental values, and the error bars represent the difference between the extreme and mean values.
The T re-form vs. T d curve ( Fig. 3(a) ) follows the trend already observed for bulk systems in our previous work (Duchateau et al., 2010) , i.e. as T d increases, both the average value and the reproducibility of T re-form decrease. T re-form shows the same ten dency when t d is varied (Fig. 3(b) ) at a constant temperature for hydrate melting (here 283.2 K). Therefore, like the observations in bulk systems, history effects are also found when hydrate is decomposed in porous media in the immediate vicinity of the phase boundary. in the cell pressure and temperature obtained over the second hydrate formation step and a snapshot taken at the end of the experiment for the two systems.
The presence of SDS in the solution has no significant impact on the kinetics of CO 2 enclathration, as the trends of the two pressure curves are nearly identical. As the experiments were stopped at the same pressure (i.e. 2.64 MPa), a meaningful comparison could be made of the hydrate morphologies obtained. As shown in snapshots A and B in Fig. 9 , a solid white layer of CO 2 hydrate formed at the w/g interface in both systems. The image resolution is not sufficient to identify any difference in porosity between the two layers. A thin layer of CO 2 hydrate was also observed to have formed on the top part of the cell window, but the most interesting observation we made is that, when SDS is present, CO 2 hydrate first formed in the bulk water phase before extending across the w/g interface. The hydrate crystals (white arrow in snapshot B), which are clearly located underneath the interfacial gas hydrate layer at the end of the experiment, resemble a loosely aggregated "candy floss" structure in the water phase. This structure was not observed (see snapshot A) when no SDS was present.
Our observations therefore show that SDS fosters "bulk con version" of water to CO 2 hydrate. This property of SDS may help reach a higher level of water to hydrate conversion when SDS is present in the pore water which concurs with the results dis cussed in Section 3.3 of this paper.
Conclusion
This work evaluated the formation behavior of CO 2 hydrate in porous media of nominal pore diameter 30 nm and 100 nm, with or without a surfactant at two different temperatures. Before performing the main experiments, an experimental protocol based on the "water memory" effect was developed to precisely control the hydrate formation temperature. We found that neither of the porous media used in this study were altered by the successive hydrate formation/decomposition cycles, and the distribution of water in the pores remained unchanged, as proven by the very close match of the heating curves superimposed cycle after cycle. For the porous medium with the smallest nominal pore diameter (30 nm), the shift of CO 2 hydrate equilibrium conditions toward lower temperatures and higher pressures (as compared to bulk CO 2 hydrate) was too large to easily sustain a comparison of the hydrate formation behavior at the temperatures chosen for this study. The results obtained with the porous medium of 100 nm nominal pore diameter show that most (more than 90 mol% according to our estimation) of the water present is converted to hydrate in all investigated cases. They also confirm that combining a porous medium and a surfactant may have a positive effect on both the kinetics of hydrate formation and the amount of hydrate formed. Concerning the two surfactants tested, SDS was found to be the more effective. It does not modify CO 2 hydrate equilibrium conditions in the porous medium but, as suggested by our observations for hydrate formation in quiescent bulk systems, possibly allows the hydrate to form not only at the w/g interface (as in the absence of SDS), but also in the water phase. This would cause more of the water in the pores to be converted to hydrate when SDS is present than when it is absent.
From a practical point of view, the use of porous media in a hydrate based CO 2 capture process appears to be highly promising compared to classical bulk hydrate processes (e.g. stirred vessels). The option of combining a porous medium and a kinetic additive might further increase the water conversion to hydrate and gas enclathration kinetics, particularly when the process has to be operated close to hydrate equilibrium conditions (e.g. at relatively high temperature set point). Nevertheless, the enhancement effect obtained with kinetic additive remains relatively minor (second order) compared to that of the driving force (e.g. a small decrease of the temperature set to form hydrate).
